Pseudomonas aeruginosa produces two siderophores, pyoverdin and pyochelin. Pyoverdin (4, 7, 28) , a hydroxamate siderophore, is a peptide containing a dihydroxyquinoline derivative characteristic of siderophores produced by fluorescent pseudomonads (10, 18, 26) . Pyochelin is a structurally unique phenolate siderophore (8) which is also produced by Pseudomonas cepacia (22, 23) and Pseudomonas fluorescens (22) . Pyochelin has been assigned the chemical structure 2-[2-(o-hydroxyphenyl)-2-thiazolin-4-ylI-3-methyl- 4 -thiazolidinecarboxylic acid (9) .
Pyochelin plays an important role in the interaction of P. aeruginosa with the mammalian nutritional immunity system (6) . Pyochelin has been shown to facilitate the removal of iron from the critical component of the nutritional immunity system, transferrin (25) , and is also capable of stimulating bacterial growth during infections in mice (5) . Mutants defective in pyochelin and pyoverdin biosynthesis are strongly inhibited by transferrin in growth assays (2) . Recently, it was demonstrated that'mutants with defects in ferripyochelin transport are markedly less virulent than wild-type strains of P. aeruginosa (23) .
An earlier report (9) contained a proposed biosynthesis pathway for pyochelin which included salicylic acid as the first intermediate in the pathway. Utilizing a variation of CAS agar, a siderophore-detection medium (21), we have isolated P. aeruginosa mutants requiring salicylic acid for pyochelin biosynthesis.
Pyoverdin appears to be the more efficient of the two siderophores on the basis of its mobilization of iron from transferrin (2, 25) , and Pvd+ Pch-mutants were indistinguishable from Pvd+ Pch+ strains on various screening media. Therefore, it was necessary to eliminate the production of pyoverdin so that mutants in pyochelin biosynthesis could be detected. For this reason we utilized two Pvdderivatives of P. aeruginosa PAO1, CDC5 (pvd-2) and 211-5 (pvd-J) (1) , as parent strains.
CDC5 and 211-5 were mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine (12) or ethyl methanesulfonate (16) and then plated on modified CAS agar to yield 200 colonies per plate. The siderophore detection medium, CAS agar, contains a blue Fe(III)-dye complex which turns orange when the ferric ion is removed from the complex by siderophores secreted by colonies (21) . CAS agar was modified to optimize the conditions required for pyochelin synthesis and mutant detection. Modification of CAS agar was necessary * Corresponding author.
because of the production of pyocyanin on this medium; the blue color of pyocyanin (27) prevented the detection of orange zones in the blue background of CAS agar. The ionic control of pyocyanin biosynthesis, especially by iron and phosphate, has been well documented (11, 14) . Modified CAS agar contained 5 mM KH2PO4 and 5 mM Na2SO4 in place of MM9 salts and contained 10 mM sodium succinate in place of glucose. After 24 h of incubation at 37°C, colonies lacking orange zones were picked onto modified CAS agar containing 500 ,uM salicylic acid. Colonies surrounded by orange zones on modified CAS agar containing salicylic acid were suspected of being mutants requiring salicylic acid for pyochelin biosynthesis. The phenotype of these mutants has been designated Sal-.
Nine Sal-mutants (IA602, IA613, IA614, IA617, IA626, IA641, IA653, IA657, and IA660) were isolated. Mutants IA641 and IA653 are derivatives of strain 211-5, and the remaining mutants are derivatives of CDC5. With the exception of IA657 and IA660, which were generated by ethyl methanesulfonate mutagenesis, all mutants were derived from N-methyl-N'-nitro-N-nitrosoguanidine mutageneses. All mutants were isolated from independent mutageneses, with the exception of IA602, IA613, IA614, and IA617, which were isolated from a single mutagenesis. The Pchphenotypes of the mutants were assayed by growing the mutants in CAA medium (7) and analyzing extracts of the culture medium by thin-layer chromatography analysis. Pyochelin on chromatograms was detected by an assay with increased sensitivity which does not depend upon ironchelating properties. Pyochelin, normally detected on thinlayer chromatograms as green fluorescent spots under UV light which turn red when sprayed with 0.1 M FeCl3-HCl, yields black spots when sprayed with ammoniacal silver nitrate reagent (15) . Pyochelin contains an N-methylthiazolidine ring, which is known to rapidly form black silver mercaptide salts during alkaline hydrolysis in the presence of Ag+ ion (17) . As expected, all Sal-mutants were unable to produce pyochelin in the absence of salicylic acid (Fig. 1) .
The Sal-phenotype of these mutants was also assayed by addition of 100 ,uM salicylic acid to cultures. Thin-layer chromatography of culture extracts of Sal-mutants grown in the presence of salicylic acid demonstrated pyochelin synthesis by all Sal-mutants (Fig. 1) . Analysis of culture extracts of two other Pch-mutants, IAl (2) liquid chromatography (HPLC) column (Brownlee Labs, Santa Clara, Calif.). One-milliliter fractions collected from the linear, increasing methanol gradient were mixed with scintillation counting cocktail, and the presence of 14C in the fractions was determined by scintillation counting (Prias; Packard, Downers Grove, Ill.). The chromatographic conditions employed in this study resulted in the elution of salicylic acid at 10.7 min and of pyochelin as two closely spaced peaks at 24.9 and 25.8 min (Fig. 2) . The phenomenon of pyochelin existing as two separable forms has been observed by both HPLC and thin-layer chromatography; the two peaks have been shown to be spontaneously interconvertible and to possess the same chemical structure by nuclear magnetic resonance and mass spectrometry analysis (3) .
The radioactivity at the start of the assays was associated with salicylic acid, which eluted at 10.7 min (Fig. 3A) . At 5 h after the start of the assay, the radioactivity in extracts from IA602 and PAO1 was predominantly associated with the pyochelin peaks eluting at 24 to 26 min (Fig. 3B and C) . There was no radioactivity associated with the salicylic acid peak at 5 h. The total amount of pyochelin produced by the Sal-mutant, IA602, was shown by A254 to be much less than that of the wild-type PAO1. This was due to the ability of PAO1 to produce its own salicylic acid. However, the same amount of 7-[14C]salicylic acid was incorporated into pyochelin by both strains (Fig. 3B and C into mycobactin S produced by Mycobacterium smegmatis (13, 19, 20 
